Increasing evidence indicates that soluble aggregates of amyloid beta protein (Aβ) are neurotoxic. However, difficulty in isolating these unstable, dynamic species impedes studies of Aβ and other aggregating peptides and proteins. In this study, hydrogen-deuterium exchange (HX) detected by mass spectrometry (MS) was used to measure Aβ(1-40) aggregate distributions without purification or modification that might alter the aggregate structure or distribution. Different peaks in the mass spectra were assigned to monomer, low molecular weight oligomer, intermediate, and fibril based on HX labeling behavior and complementary assays. After 1 h labeling, the intermediates incorporated approximately ten more deuterons relative to fibrils, indicating a more solvent exposed structure of such intermediates. HX-MS also showed that the intermediate species dissociated much more slowly to monomer than did the very low molecular weight oligomers that were formed at very early times in Aβ aggregation. Atomic force microscopy (AFM) measurements revealed the intermediates were roughly spherical with relatively homogenous diameters of 30-50 nm. Quantitative analysis of the HX mass spectra showed that the amount of intermediate species was correlated with Aβ toxicity patterns reported in a previous study under the same conditions. This study also demonstrates the potential of the HX-MS approach to characterizing complex, multicomponent oligomer distributions of aggregating peptides and proteins.
Introduction
β-amyloid peptide (Aβ) is the major component of neurotic plaques, one of the hallmarks of Alzheimer's disease (AD; Haass and Selkoe, 2007; Turner et al., 2003) . The "amyloid hypothesis" identifies aggregated forms of Aβ as the neurotoxic agent in the disease (Soto, 1999) . In the past few years, growing evidence suggests that low molecular weight oligomeric species, such as Aβ-derived diffusible ligands (ADDLs) or protofibrils are also neurotoxic (Bucciantini et al., 2002; Kayed et al., 2003; Kirkitadze et al., 2002; Lambert et al., 1998) and may represent off pathway intermediates (Necula et al., 2007) .
Amyloid fibril structure has been extensively studied by solid state NMR (Antzutkin et al., 2002; Petkova et al., 2004) , mutagenesis , and hydrogen exchange (HX; Dzwolak et al., 2006; Hoshino et al., 2002; Kheterpal et al., 2000 Kheterpal et al., , 2006 Olofsson et al., 2006; Wang et al., 2003; Yamaguchi et al., 2004) . According to HX-MS data, Aβ fibrils have significantly fewer solvent accessible backbone amide hydrogens than protofibrils isolated using size exclusion chromatography (SEC) or stabilized by calmidazolium chloride (CLC; Kheterpal et al., 2003a Kheterpal et al., , 2006 Williams et al., 2005) . The most significant difference in backbone solvent accessibility between fibril and protofibrils was observed in the fragment 20-34, which was shown to be more protected in the fibril than in protofibrils (Kheterpal et al., 2006) . Using solid-state NMR, Aβ protofibrils were found to have very similar molecular structures as the Aβ fibril (Chimon and Ishii, 2005) . These results are consistent with the idea that protofibrils are a fibril precursor, but with a less ordered structure. While structural information was obtained, the kinetics of aggregate interconversion was not thoroughly investigated. Traditional methods, like light scattering, SDS-PAGE or SEC can detect size distributions; however, light scattering is not very useful for complex distributions, and PAGE/ SEC cannot provide structural information.
In this study, Aβ samples were examined by amide hydrogen-deuterium exchange labeling without the need for complex sample pre-purification or oligomer stabilizing agents. Subpopulations were assigned based on distinct deuterium exchange patterns and complementary atomic force microscopy (AFM) analysis. HX-MS showed intermediates have more solvent exposure than fibril and less than monomer. There was a correlation between abundance of intermediates measured here and previously reported neurotoxicity patterns studied under the same conditions. Taken together, the results support the hypothesis that Aβ is more toxic in oligomeric rather than fibrillar form. Further, the study demonstrates that HX-MS is a useful method for simultaneously measuring changes in structure and population distributions during protein and peptide aggregation.
Materials and Methods

Materials
Aβ(1-40) was purchased from Anaspec, Inc. (San Jose, CA) as 1.0 mg lyophilized aliquots. One lot of Aβ was used for all studies. Other chemicals were from Sigma (St. Louis, MO) unless specified.
Aβ Sample Preparation
Stock solutions of Aβ were prepared by dissolving an aliquot of Aβ in 100 µL 0.1% trifluoroacetic acid (TFA, Fluka, Buchs, Switzerland) to a concentration of 10 mg/mL at 25 ±0.5°C. After 45 min of dissolution in TFA, "fresh samples" were made by diluting the stock to a final concentration of 100 µM in PBS (10 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.4). Aged samples were prepared by diluting TFA stock in PBS and then quiescently incubating at 37°C for 4, 10, or 72 h before labeling. Fibrils were prepared by incubating for 6 days under the same conditions and were washed immediately prior to labeling. Briefly, a 100 µL fibril sample was centrifuged at 13,000g for 10 min, then 90 µL supernatant was removed. To minimize sample losses, this was done only once. This washing step was not performed for other samples except as specified.
Congo Red Binding Assay
Congo Red solution (120 µM in PBS) was first filtered through 0.22 µm filter three times, and then mixed 1:9 vol/ vol with 100 µM Aβ samples aged for different aggregation periods. After 45 min incubation with Congo Red at room temperature, absorbance was measured at 405 and 541 nm by a SpectraMax Plus 384 Microplate Reader (Molecular Devices, Sunnyvale, CA). For each aggregation period, at least three replicates were measured. The amount of Aβ fibril was calculated as previously described (Klunk et al., 1999) (Lee et al., 2007) .
Hydrogen Exchange Labeling
To initiate labeling, 45 µL of D 2 O (Cambridge Isotope Laboratories, Andover, MA, D 99.9%) was combined in a 1.5 mL Eppendorf centrifuge tube with a 5 µL solution of Aβ sample. The molar D% in the solvent was 90%, and the pH (as read) was 7.0. Labeling was carried out at ambient temperature for 10 s, 1 min, 10 min, 30 min, and 60 min unless otherwise specified. For washed fibrils, 90 µL D 2 O was added to 10 µL of fibril suspension to keep the molar D% of the final mixture at 90% during labeling. After labeling, the fibril sample was again centrifuged at 13,000g for another 10 min, and supernatant was carefully wicked off using filter paper.
After labeling, a mixture of 150 µL of dimethylsulfoxide (DMSO) and dichloroacetic acid (DCA, Fluka), 95:5 vol/vol, was used to rapidly dissociate aggregates back to monomer state and quench the labeling reaction (Whittemore et al., 2005) . This step was performed at room temperature at pH 3.5 and completed in less than 5 s prior to LC/MS analysis.
HPLC Procedures
After quenching by DMSO/DCA, the mixture was injected into a 100 µL sample loop and loaded (Rheodyne 7725i) onto a C8 peptide trap cartridge (Micro Trap TM 1 mm ID × 8 mm, Michrom Bioresources, Inc., Auburn, CA). After desalting for approximately 1 min, a switching valve (Valco Instruments Co., Inc., Houston, TX) directed a 30-80% B gradient over 2 min into the C8 trap. Solvent A was ddH 2 O with 0.1% formic acid (Acros Organics, Morris Plains, NJ) and 0.01% TFA. Solvent B was HPLC grade acetonitrile (Burdick & Jackson, Muskegon, MI) with 0.2% formic acid. The eluent was sent directly to the electrospray ionization (ESI) source of an ion trap mass spectrometer (details below) at a flow rate of 50 µL/min. The gradient was provided by a Surveyor MS pump (Thermo Finnigan, San Jose, CA). To minimize the back-exchange during the analysis, all the columns, loops, lines and valves were precooled for 1 h and immersed in ice during all the experiments.
Mass Spectrometry and Fitting Methods
Aβ peaks, including +3, +4, +5, and +6 charge states, were observed in full scan mode, and the most abundant +4 state was selected for analysis. Data were collected in positive ion, zoom scan, and profile mode on a Thermo Finnigan LTQ linear quadrupole ion trap mass spectrometer (San Jose, CA) with a standard ESI source. The ESI voltage was 4.5 kV, capillary temperature 275°C, sheath gas flow rate 20 units, and tube lens voltage 135 V. All mass spectra presented were averages of approximately 600 scans.
Peak positions were calculated as the centroid mass for an isolated single peak. When multiple peaks were present, spectra were fit to the sum of two or three Gaussian peaks, using the solver algorithm in Microsoft Excel (Jorgensen et al., 2004) . To avoid inclusion of positive noise outside the window of interest, the tails of the spectrum below 5% were not fit and peak widths were constrained. The position of each Gaussian peak used as the centroid mass. The amplitude and width were used to calculate the relative area of each peak. Triplicate samples were analyzed, and the standard deviation of the centroid mass was less than 1.5 Da and the relative standard deviation of the relative abundance was 10-15%.
In order to detect aggregates in mass spectra, they were dissolved back to a monomeric state using organic solvents as previously reported (Kheterpal et al., 2000; Wang et al., 2003; Whittemore et al., 2005) . In our protocol, the mixture loaded to HPLC consisted of H 2 O/D 2 O/ DMSO/DCA (2.5/ 22.5/71.2/3.8 vol%). The lower concentration of DMSO/ DCA relative to the previous application, DMSO/DCA (95/5 vol%; Whittemore et al., 2005) , slowed dissolution rates. Thus, it was essential to evaluate how much aggregates were dissolved and recovered in the mass spectra. The total dissolution efficiency, f, was determined as the percentage of total ion count (TIC) area of aggregated samples relative to that of fresh samples for the same loading amount in mass (1 µg per injection). This efficiency was determined to be 85% for 4 and 10 h aged samples and 60% for the 72 h aged samples. These results compared favorably with approximately 50% recovery previously obtained for Aβ fibrils (Kheterpal et al., 2000) .
Accounting for Back-Exchange
Back-exchange refers to the loss of incorporated deuterium labels due to exchange with HPLC solvents that contain exchangeable hydrogens (e.g., H 2 O) during analysis. For a fully labeled Aβ monomer, the number of backbone amide deuterons can decrease from 39 to 24 in just 8 min even at pH 3.5 and 4°C, as calculated by HXPep (program graciously provided by Dr. Zhongqi Zhang). Therefore, the analysis time was limited to approximately 2 min to minimize back exchange. To account for partial loss of deuterium labels due to back-exchange, the following correction method was adapted (Kheterpal et al., 2003b) . In Equations (1-3), MW is the measured average molecular weight of Aβ in H 2 O (4329.7 ± 0.5 Da), m 0 is the centroid mass of unlabeled Aβ carried through the entire protocol, m 100 is the centroid mass of completely labeled Aβ carried through the protocol, and m is the measured centroid mass for Aβ at various labeling times. N is the backbone amide protons available for the exchange, 39. The m 100 of monomer was obtained by dissolving lyophilized Aβ in DMSO and diluting into D 2 O (Wang et al., 2003) . DMSO can completely dissolve Aβ into a fully solvent exposed state (Kremer et al., 2000; Wang et al., 2003) . Because DMSO has no exchangeable protons, the molar exchangeable D% in this solution was 100%. The m 100 of fibril was obtained by processing Aβ exactly as described in the Aβ Sample Preparation Section, except that all the solutions were prepared in D 2 O instead of H 2 O. The m 100 value for fibril and monomer were 4361.4 ± 0.1 and 4361.9 ± 0.2 Da, respectively. Thus, 7.3 and 6.8 deuterons were calculated as the back exchange (BE) in Equation 3 by using m 100 from fibril and freshly prepared monomer, respectively. The latter was used as the standard BE in the paper (6.8 = 4329.7 + 39 − 4361.9). To adopt the above correction method, two additional points needed to be modified. First, solvents without D 2 O were used to elute the sample to the ESI source. In contrast, either 10% or 18.2% D 2 O presented in the in the previous application of this correction method (Kheterpal et al., 2003b) . Thus, m 0 equals MW in our protocol, and deuterons incorporated during analysis time (FE) should be neglected for our data. Secondly, in the labeling step, 90% instead of 100% D was used for our experiments (Kheterpal et al., 2000 (Kheterpal et al., ,2003a (Kheterpal et al., ,2006 . Therefore, in order to compare with literature data, the corrected deuterium content was defined as (4) where η is the fraction of deuterium in the labeling solvent, 0.9 for our study.
Hydrogen Exchange Control Experiments
Useful MS reference spectra are shown in Figure 1 . Figure 1A shows Aβ dissolved in DMSO and diluted into H 2 O at 100 µM. Immediately after preparation, 5 µL of this sample was diluted with 45 µL H 2 O, and 150 µL quench buffer was subsequently added. The mixture was injected as described in HPLC Procedures Section. The measured centroid mass was 4329.7 ± 0.5 Da, quite close to the theoretical mass (4329.9 Da). Freshly diluted Aβ was prepared as above and then 10-fold diluted with D 2 O. After 1 h labeling at 90% D, it was quenched and detected as shown in Figure 1B with a centroid mass 4358.5 ± 0.6 Da. Aβ has 39 amide backbone protons available for exchange, thus a maximum of 35.1 protons can be exchanged when 90% D used. The back-exchange removed 6.8 deuterons. So the calculated mass for this sample should be 4358.0 Da, which is in good agreement with the observation. Since all the following experiments were performed under same labeling conditions, this mass value was taken as the fully labeled control. The fibrils were prepared and processed as described above in the Aβ Sample Preparation Section. After 24 h labeling at 90% D, one major peak presented with the centroid mass (4337.9 ± 1.0 Da), shown in Figure 1C . The corrected deuterium content D corr is 16.6 ± 1.0, which is consistent with the reported value 17.2 ± 0.6 (Kheterpal et al., 2006) . Therefore, our HX-MS protocol was capable of preserving sufficient labeling information with limited back exchange, and matching previous literature values for Aβ fibrils.
Atomic Force Microscopy
Images of Aβ as a function of aggregation were obtained at 22°C using a multimode atomic force microscope (Nanoscope IIIa; Digital Instruments, Santa Barbara, CA) equipped with a pico-force piezoscanner. Aβ samples were prepared as described above and then diluted to 10 µM immediately before application to a freshly cleaved mica surface. Aβ was allowed to bind to the mica surface for 5 min, and then washed three times with 0.01 M phosphate buffer (pH 7.2). The wetted samples and the AFM fluid cell were mounted onto the microscope stage. Fresh phosphate buffer was injected through the ports on the fluid cell during experiments to account for evaporation loss. Contact-mode imaging was carried out with a silicon nitride cantilever (200 mm × 18 mm; Park Scientific Instruments, Sunnyvale, CA) held in a fluid cell. Height and deflection images of Aβ in buffer were obtained with a scan rate of 1 Hz and an integral gain of 0.3.
Results
Congo Red Binding Assay
Congo Red binding was used to established the aggregation kinetics of Aβ under our conditions. As shown in Figure 2 , the fibril formation using our dissolution and aggregation procedures had a short lag period. Within 1 h, a significant increase in Congo Red binding was observed, with saturation in binding occurring after 4 h. While the aggregation kinetics was rapid for our particular conditions, the relative amount of different oligomeric forms is uncertain, as Congo Red can bind at least both protofibril and fibril (Walsh et al., 1999) .
Hydrogen Exchange Kinetics of Freshly Prepared and Aged Samples of Aβ-
Hydrogen exchange labeling was carried out for fresh and aged samples of Aβ at different labeling times to assess how peptide aggregation affects peptide backbone solvent accessibility. Representative mass spectra of freshly prepared Aβ are shown in Figure 3 . Bimodal isotope envelopes were observed at all labeling times for fresh Aβ samples. One of the components was a broader, low mass peak, and the other was a narrower, high mass peak. After 10 s labeling, the high mass peak was nearly half of the total signal and had a centroid (4358.0 ± 1.1 Da) within error of the fully labeled control (4358.5 ± 0.6 Da). This complete labeling indicates complete solvent exposure, consistent with the idea that freshly prepared sample contains a significant portion of unstructured, likely monomeric Aβ. The well-resolved second peak at lower mass is prominent in Figure 3 , with a centroid approximately 13 Da less than monomer after 10 min labeling.
Two peaks in a HX mass spectrum could arise from either two nonexchanging populations of peptide with different solvent exposure, or from a single population at equilibrium exchanging between folded and unfolded states in the EX1 kinetic regime. The more protected peak did not increase in mass dramatically with labeling time and decayed in amplitude as the experiment proceeded. This behavior is consistent with the EX1 kinetic regime of exchange, where the intrinsic labeling rate of solvent exposed residues is much greater than the rate of folding or association to a solvent protected state. In the EX1 regime, the relative fraction of the two species at zero labeling time indicates the relative proportion of protected and unprotected species at the beginning of the experiment (Qian and Chan, 1999) . At the first time point (10 s) roughly half of the molecules were not fully labeled. This is consistent with previous studies indicating that freshly dissolved Aβ under similar conditions is a mixture of monomer and a very low molecular weight oligomers that migrates roughly as a dimer, as assessed by SEC and native PAGE (Lee et al., 2007; Pallitto and Murphy, 2001; Wang et al., 2003) . Thus, it appears that the more protected peak in Figure 3 arises from low molecular weight oligomers, perhaps as small as dimer. The broad nature of the oligomer peak could be due to the stochastic labeling patterns that arise during intermediate degrees of labeling, and/or a distribution of species with slightly different degrees of oligomerization.
In mass spectra of the 4 h aged samples (Fig. 4) , a wide mass envelope with multiple overlapping peaks extending from low to high mass range was observed, indicating that the species present after 4 h of aging had a very different distribution of solvent accessibilities. The predominant peak was labeled to an extent significantly less than monomer and more than the fibril peaks at all labeling times. After labeling for 1 h (Fig. 4E) , this peak exhibited a centroid mass of 4343.3 ± 0.9 Da. The degree of labeling is significantly less than monomer (4358.0 ± 1.1 Da) and the low molecular weight oligomers observed in the freshly prepared peptide samples (4346.0 ± 0.9 Da). On the other hand, it is more solvent exposed than our fibril samples as well as those previously reported (Whittemore et al., 2005) . A poorly resolved shoulder that is even more protected than the intermediate was most evident at short labeling time (10 s and 1 min) and became more poorly resolved at later times. This was observed consistently in replicates and 10 h aged samples (Fig. 5) . The slower appearance of the fully labeled species compared to species observed in the freshly prepared Aβ samples indicates that a new (or unique) oligomeric species was present in the 4 h aged Aβ samples that had slower dissociation or unfolding kinetics compared to the low molecular weight oligomer in the fresh sample. Figure 5 shows that 10 h aged samples produced HX-MS spectra very similar to that of 4 h aged samples (Fig. 4) . For the 10 h aged samples, the major peak had a similar centroid mass after 1 h labeling (4342.9 ± 1.3 Da) as the predominant peak in the 4 h aged sample (4343.3 ± 0.9 Da). Further, the overall shape of the distribution and the slow growth rate of the fully labeled peak were also similar to the 4 h aged samples. Thus, we conclude that the 4 and 10 h aged samples contained similar distributions of oligomeric species with similar backbone solvent accessibility.
Distinctly different species distributions were observed for 72 h samples (Fig. 6 ). At 10 s labeling time, the mass distribution showed a broad peak that was located at low m/z range and a minor component at the fully solvent exposed mass. After 1 h labeling, the major component of the broad peak remained at the mass near that observed for fibrils that were formed upon 6 days of aggregation (4333.5 ± 0.3 Da). The middle peak (4342.4 ± 0.5 Da) showed a labeling trend similar to the predominant peak in 4 and 10 h aged samples. A small fraction of fully labeled peak was also observed.
To certify that the lowest mass peak arose from the fibrillar component the sample, the 72 h sample aged was centrifuged at 13,000g and resuspended to remove low molecular weight oligomers. After 24 h labeling, the washed pellet showed almost identical mass spectra (Fig.  1D) as the fibril sample after 24 h labeling (Fig. 1C) . Both samples are almost devoid of peaks identified above as monomeric, low molecular weight oligomers, intermediates and contain only the most protected form of Aβ. In addition, the most protected peak in Figure 6 had comparable deuterium content to literature report of mature fibrils incubated under similar conditions. For 1 and 24 h labeling respectively, we observed a gain of 11.4 and 15.4 deuterons versus a literature report of 12.0 and 17.2 deuterons (Whittemore et al., 2005) . These results also support the conclusion that the low mass peak in the 72 h sample (Fig. 6) arises from the fibrillar Aβ peptide subpopulation. Figure 6 that the relative abundance of each peak varied for samples aged for different times. However, the centroids the intermediate and fibril peaks increased only slightly with exchange time. Also, all aged Aβ samples showed peaks were observed with similar extent of labeling, suggesting the same aggregated species were present but with different relative abundance at different aggregation times. The low mass peak had a similar degree of deuteration as the washed fibrils as discussed above. The intermediate mass peak observed behaved analogously to Aβ protofibrils described by others (Kheterpal et al., 2003a; Williams et al., 2005) . Because of differences in preparation and characterization procedures between this and other studies, we cannot make a specific oligomeric structural assignment in comparison to previous reports. However, it is clear that we are distinguishing different oligomeric forms of Aβ in terms of solvent accessibility. Further, the dissociation rates of these oligomeric forms are slow compared to the intrinsic labeling rates, such that EX1-like exchange was consistently observed.
Finally, Figure 7 shows that the high mass peak in the aged samples incorporates more than 35 protons in 10 s, and then slowly gains a few deuterons. After 1 h labeling, it has a lower mass (4356.5 ± 1.1 Da) than the monomer in fresh sample (4358.0 ± 1.1 Da). Given the small fraction of this component, it is difficult to determine whether this difference is insignificant, or whether it reflects another protected state, perhaps a product of the sequential dissociation of partially protected oligomeric species or protofibrils (Kheterpal et al., 2003a) to structured monomer (Chen et al., 1997) .
AFM Imaging
AFM imaging was used to complement the assignment of peaks in HX mass spectra to different oligomeric structures. Figure 8 shows a series of AFM images of fresh, 10 and 72 h aged Aβ samples. In the fresh sample, only a few isolated Aβ aggregates of 10-30 nm diameter were observed (Fig. 8A) . These spots are larger than expected for individual monomeric Aβ (Stine et al., 2003) , indicating they probably were small aggregates produced during sample preparation or that remained after peptide dissolution. However, they were present at much lower density compared to the aggregates observed at longer aging times (Fig. 8B and C) . The 10 h sample (Fig. 8B) showed a much higher density of 30-50 nm ellipses. Interestingly, many of them appeared adhered to each other (Fig. 8B zoom) , suggesting they were either in the process of aggregating into larger structures or came from dissolution of even larger aggregates. The 72 h sample (Fig. 8C ) was a mixture of long fibril, short linear aggregates and a much smaller fraction of spherical aggregates like those observed for the 10 h samples. More spherical aggregates along with fibrils have been observed in 72 h aged Aβ samples in electron microscopy preparations (Lee et al., 2007) . Figure 8 shows fibril diameters were approximately 15 nm and their lengths were greater than 100 nm. Figure 8 shows that fibrils were only present in the 72 h samples, also consistent with the above identification of the least protected species in the our HX spectra being fibril. Further, Figure 8 shows that the 72 h and especially the 10 h samples contained larger molecular weight intermediates, while fresh samples did not. This is consistent with the assignment of the predominant peak in the 10 h spectrum being due to these large molecular weight intermediates.
Quantitative Analysis of Labeling Distributions
To further quantify distributions of deuterated species, it is important to consider whether the hydrogen exchange mass spectra at our shortest labeling times can be taken to represent a "pulsed labeling" situation (Deng et al., 1999) . The first requirement for this interpretation is that complete isotope exchange of the peptide amide linkages of unfolded protein should be accomplished in the labeling time. This is certainly satisfied here based on the subsecond intrinsic rates for solvent exposed polypeptides at neutral pH (Bai et al., 1993) . This is also confirmed by the appearance of a fully labeled peak in the fresh samples within 10 s labeling time (Fig. 3A) . The second requirement is that the labeling time should be short relative to the time scale of the dynamics of interest. Based on Figure 4 - Figure 6 we can conclude that oligomers dissociation to less protected forms or monomer requires much more than 10 s; even the characteristic dissociation of low molecular weight oligomers in Figure 3 is longer than 10 min. The final requirement is that the species of interest gains a different number of deuterons than the unprotected species during the labeling step. As the spectra in Figure 4-Figure 6 show, the intermediate and fibril gained a different number of deuterons after only 10 s labeling. Therefore, the relative abundance of each peak in the mass spectra obtained after 10 s labeling can be used to estimate the relative amounts of each species at the beginning of the labeling period. A representative example for the 10 s labeling of fresh, 10 and 72 h samples is shown in Figure 9 .
From the information contained in the 10 s labeling mass spectra, a quantitative analysis was performed to convert relative peak areas into relative amounts of each subpopulation. In particular, we attempted to account for differences in dissolution efficiency that may occur in the rapid HPLC-MS analysis performed. For certain aged sample, that is, 4 h sample, the spectra were considered to consist of three components, (1) fibril, (2) intermediates, and (3) monomer. First, the total relative signal from the sum of the three peaks was measured compared to an equal amount of monomeric Aβ. This relation can be written (5) where i is the species (1 = fibril, 2 = intermediate, 3 = monomer), a i is the dissolution efficiency for species i, X i is the actual fraction of species i in 4 h sample and f is the total dissolution efficiency of 4 h sample as defined in Materials and Methods Section.
From curve fitting, the relative area fractions, g i , of the three peaks were obtained from the data. These relative area fractions are related to the dissolution efficiencies and the relative abundances of each species through the following ratios: (6) From mass balance for the three components, we know that
The dissolution efficiency of the reference (monomer sample) is unity (a 3 = 1). Then, for each aged sample, the five unknowns are the a 1 , a 2 , and the X i , but only four equations are available (the ratios in Eq. 6 yield two independent equations). Assuming that a 1 and a 2 are the same for different aging times because of the same dissolution conditions, we used two sets of measurements (f , g i ) for two different aging times (e.g., 4 and 72 h) and eight relations from Eq. 5 to Eq. 7 to determine the eight unknowns (a 1 , a 2 , and three X i for two aging times). All the unknowns were obtained from triplicates. The value of a 1 was determined to be 0.28 ± 0.04, and a 2 was 0.90 ± 0.10. The resulting fractions different oligomeric Aβ species is shown in Figure 10 . Intermediates were around 60% of the samples aged for 4 and 10 h, while they were only 40% of the sample aged for 72 h. In contrast, the relative abundance of fibril increased from about 20% of the 4 h sample to about 60% of the 72 h sample. The relative abundance of monomer was approximately 10% in all the aged samples. In addition, the sum of the intermediate and fibril fractions was almost identical in the 4, 10, and 72 h samples. This would be consistent with Congo Red binding assay, if our large molecular weight intermediates bound Congo Red due to their large size (Walsh et al., 1999) . In this regard, HX-MS was superior to the Congo Red assay, as it could distinguish intermediates and fibrils by their different solvent accessibilities. The qualitative correspondence between labeling distributions, Congo Red assay and AFM suggests that we are obtaining at least a qualitatively representative view of the distribution of oligomers structures in these samples.
Discussion
For the past two decades, HX-MS has been widely applied to characterize protein conformation. Its ability to directly study disordered and uncrystallizable aggregates (Nettleton et al., 2000; Tobler and Fernandez, 2002) makes it an appealing approach for analyzing Aβ oligomeric species. When studied in isolation, protofibrils, and fibrils of Aβ have all previously shown HX patterns distinct from monomer (Chen et al., 1997; Jablonowska et al., 2004; Kheterpal et al., 2000 Kheterpal et al., , 2003a Kraus et al., 2003; Wang et al., 2003) . However, purified fractions of each species were used for those studies, and mixtures were not investigated. Here, we have implemented a HX-MS technique that allows the simultaneous estimation of the solvent accessibility of each species, as well as the distribution of various structural species in an Aβ mixture. By making the HX-MS measurement directly on mixed, aged samples without pre-purification or use of stabilizing agents, there is greater assurance that Aβ structures and distributions obtained are representative of those present during in vitro toxicity studies. SEC has been be used to characterize soluble oligomer size distributions but do not provide structural information (Murphy, 2007; Pallitto and Murphy, 2001) . Chemical modification methods such as PICUP (Bitan et al., 2003) are an alternative, but chemical modification comes with the possibility of introducing a change in Aβ structure during the measurement. The HX-MS approach developed here can be applied to mixtures without purification or introduction of chemical agents.
It should be acknowledged that as implemented here, HX-MS alone does not provide detailed information about the state of folding (e.g., secondary or tertiary structure) or degree of oligomerization of intermediates. Further, it is not possible to distinguish such species with high resolution (e.g., dimers from trimers, etc.). However, we have shown that combined with complementary analysis, the identity of resolved components in distributions can be made, and a quantitative analysis of the results is possible. This is particularly important for the intermediates which are challenging to study by any method-both those observed in the 4 and 10 h samples, as well as in the more rapidly dissociating intermediates observed in freshly diluted Aβ samples.
For the freshly prepared samples of Aβ, the ratio of monomer to low molecular weight oligomer is approximately 1:1. This indicates that a fair amount of structured oligomer was formed promptly once diluted into PBS buffer. The HX-MS measurement itself does not indicate the size of the oligomer, but it must be sufficiently strongly associated both structurally and kinetically to exclude solvent (Paterson et al., 1990) . AFM image of fresh Aβ sample does not show many oligomers of significant size (AFM Fig. 8A ), suggesting that if the protected species is an oligomer, it is small. Monomer, dimer and trimer, formed by Aβ(10-30) fragments in ammonium acetate pH 7.0, were reported to have similar, highly exposed (>90%) hydrogen exchange patterns after only 6 s (Jablonowska et al., 2004) . This longer time constant for protection in our case is likely due to additional stability provided by the additional residues. In particular, residues 31-36 are proposed to be important components of β-sheet structure of fibril by both proline mutagenesis and solid-state NMR (Petkova et al., 2004) . Therefore, the species formed immediately upon dissolution of Aβ(1-40) into PBS is likely a distinct oligomeric species from the low molecular weight oligomer formed in ammonium acetate by Aβ(10-30).
The hydrogen exchange kinetic data for the fresh Aβ samples like that shown in Figure 3 were analyzed using a model for the EX1 exchange kinetics regime, assuming dissociation of a dimer to monomer (see Supplementary Information). While we have not established the protected species in Figure 3 is a dimer, this modeling approach provides a starting point for quantitative interpretation and comparison of the fresh sample HX-MS data with other studies (Fogle et al., 2006) . Triplicates collected for a range of labeling times were fitted well by the model (see Supplementary Information) . From the fit, a dissociation rate constant of 0.43 ± 0.08 (10 −3 s −1 ) was obtained. This value is of the same order as the value of 0.92 ± 0.13 (10 −3 s −1 ), obtained using for a similar model applied to surface plasmon resonance data for Aβ(1-40) under similar, although not identical conditions (Hu et al., 2006) . This dissociation time scale is also consistent with the ability to separate a similar low molecular weight oligomer from monomer in longer than 30 min by SEC (Pallitto and Murphy, 2001 ). Moreover, in those studies, a comparable ratio of low molecular weight oligomer to monomer was observed in SEC chromatograms as we observe in the 10 s labeling time HX mass spectrum (Fig. 3A) .
Monomeric Aβ made up a much smaller fraction of the initial labeling distribution for the 4 and 10 h aged samples (Fig. 4 and Fig. 5 ) compared to the freshly diluted Aβ samples. The relative abundance of the fully labeled Aβ peak increased only modestly with longer labeling times. This indicates a slow dissociation rate of the intermediate species to solvent exposed monomers with a time constant longer than our longest labeling time (1 h). For the 72 h aged sample (Fig. 6) , similar behavior was observed. Our observation of no detectable fibril dissociation on 1 h time scale is consistent with previous reports of fibril dissociation occurring over much longer time scales (Cannon et al., 2004; Hasegawa et al., 2002) . Similar behavior was also demonstrated for SH3 fibril (Carulla et al., 2005) .
For fibril formation, we have insufficient kinetic data to propose a detailed kinetic model. However, a highly protected species corresponding to washed fibrils (Fig. 1C) is clearly observed in the HX-MS spectra of 72 h aged samples (Fig. 6) and that species can be isolated from lower the intermediates by centrifugation (Fig. 1D ). More importantly, as shown in both the HX-MS (Fig. 5 vs. 6 ) and AFM (Fig. 8B vs. C) , the predominant subpopulation changed from intermediates (4 and 10 h) to fibril (72 h). This indicates that these are at least temporal precursors of fibril. Recently, it has been proposed that oligomers are off-pathway intermediates (Necula et al., 2007) . If so, under these conditions at least, they make up a significant fraction of material. Further, if they are to dissociate to more solvent exposed species before incorporation into fibrils, they do so with time constants much longer than our 1 h labeling times.
The proportion of intermediate present measured here is correlated with Aβ neurotoxicity reported in a previous study under the same aggregation conditions (Patel and Good, 2007) . In that study, SY5Y cells treated with 100 µM Aβ pre-incubated for 4 and 8 h showed much lower relative viability than cell cultures exposed to fresh and 72 h aged Aβ. The mass spectrometry determinations of oligomer subpopulations made here (Fig. 10) showed that the intermediates are most abundant at 4 h, when toxicity was greatest. The AFM results further strengthened this correlation. In 4 h aged sample, the spherical species about 30-50 nm in diameter predominates (Fig. 8B) . These intermediate aggregates only account for a small fraction of total Aβ in both fresh and long time aged samples (72 h). A similar correlation between the concentration of intermediates and toxicity has also been found by other groups, though the intermediates exhibit different morphologies and are given different names, including low molecular weight oligomers, ADDLs, spherical aggregates, and protofibrils (Bucciantini et al., 2002; Dahlgren et al., 2002; Demuro et al., 2005; Gong et al., 2003; Kayed et al., 2003 Kayed et al., , 2004 Kirkitadze et al., 2002; Lambert et al., 1998; Lee et al., 2007; Lesne et al., 2006; Walsh et al., 2002) .
In summary, for the first time, hydrogen exchange detected by mass spectrometry has been used to estimate distributions of aggregates in Aβ samples. Complementary measurements with AFM allowed assignment of distinct contributions in the distribution to monomer, very low molecular weight aggregates, larger intermediates, and fibrils. Freshly dissolved Aβ contains two components, monomer and low molecular weight oligomers in roughly equal amounts. This oligomeric species dissociates on the time scale of minutes. Aged samples were mixtures of monomer, intermediates and fibrils, the proportions of which varied with aging time. The intermediates formed in 10 h were larger (30-50 nm) and dissociated much more slowly than the very low molecular weight oligomers that formed immediately in freshly dissolved Aβ samples. These aggregation intermediates also had a measurably lower degree of solvent exposure than fibrils. The proportion of these intermediates in Aβ samples correlated with the neurotoxicity of the sample, suggesting that these intermediates are one of the most toxic Aβ species. Further residue level characterization of these toxic intermediates may aid in the molecular design of agents that prevent Aβ toxicity associated with Alzheimer's disease. The HX-MS methods developed here may also be useful for characterizing the behavior of other complex aggregating systems such as designed self-assembling peptides and proteins with intermediate folded states prone to aggregation. Congo Red binding measurements of Aβ aggregation as a function of incubation time. Aβ (100 µM) was quiescently incubated at 37°C as described in Aβ Sample Preparation Section. Representative mass spectra of TFA/PBS fresh sample at different labeling times: (A) 10 s, (B) 1 min, (C) 10 min, (D) 30 min, and (E) 60 min. Each spectrum is normalized to its own maximum intensity. Representative mass spectra of TFA/PBS 4 h aged samples at different labeling times: (A) 10 s, (B) 1 min, (C) 10 min, (D) 30 min, and (E) 60 min. Each spectrum is normalized to its own maximum intensity. Representative mass spectra of TFA/PBS 10 h aged samples at different labeling times: (A) 10 s, (B) 1 min, (C) 10 min, (D) 30 min, and (E) 60 min. Each spectrum is normalized to its own maximum intensity. Representative mass spectra of TFA/PBS 72 h aged samples at different labeling times: (A) 10 s, (B) 1 min, (C) 10 min, (D) 30 min, and (E) 60 min. Each spectrum is normalized to its own maximum intensity. Number of amide protons exchanged versus exchange time for different peaks from samples aged for different times. Aging times: (square) 4 h, (circle) 10 h, (triangle) 72 h. Sample peaks, as referred to in text: (filled symbols) fibril peak, (open symbols) intermediates, (star) low molecular weight oligomers in fresh sample, (crossed symbols) monomer. All the values were calculated according to Equation (4) with peak centroids determined by nonlinear least squares fitting as described (see Materials and Methods Section). Symbol locations represent the average of three replicates. Averaged standard deviations for all the replicates were ±0.8 Da. Representative AFM images of (A) fresh, (B) 10 h, and (C) 72 h aged samples. The images in the right column correspond to zoomed images corresponding to those in the left column. The scale bar represents (left) 500 nm and (right) 100 nm. 
